Abstract: Studies to date have established that the physical environment inside cages can be controlled adequately by setting the intra-cage ventilation at 60 air changes per hour in a forced-air-ventilated micro-isolation system (FVMIS). In this study, the capability of FVMIS to prevent inter-cage transmission of microorganisms was evaluated using Pasteurella pneumotropica as a reference microorganism. One FVMIS rack and a conventional rack were used, and cages with mice positive for P. pneumotropica and those with P. pneumotropica-free mice were housed on both racks. The mice were examined for P. pneumotropica contamination every 4 weeks after initiating the experiment for 12 weeks using a polymerase chain reaction method. Some P. pneumotropica-free mice housed in open air cages in the conventional rack became positive for P. pneumotropica (four of 28 animals after 4 weeks; eight of 28 animals after 12 weeks), but all P. pneumotropica-free mice housed in the FVMIS cages remained negative for the bacterium throughout the experiment. The results demonstrate that FVMIS can prevent inter-cage transmission of P. pneumotropica when proper cage handling practice is under taken.
Introduction
Micro-isolation systems (MIS), in which a solid top with a filter is installed over a shoebox type cage, are increasingly being used for microbiological control of the laboratory animal housing environment. Although MIS are effective for prevention of inter-cage transmission of microorganisms [5] , it has been suggested that they reduce intra-cage ventilation [12] , thus causing deterioration of the physical environment through accumulation of moisture, carbon dioxide, ammonia, and heat [3, 4, 14, 22, 25] . For this reason, Keller et al. [11] , Wu et al. [25] and Lipman et al. [14] added forcedair ventilation to the MIS to improve the intra-cage environment, and demonstrated that forced-air ventilation could limit the increase in ammonia concentration to a great extent. In another advance, Kurosawa et al. developed a forced-air-ventilated micro-isolation system (FVMIS) for the purpose of directly controlling the climatologic, physical, chemical and biological factors of the microenvironment of rodent cages [13] . Assessments of FVMIS [6, 10, 13, 26] have demonstrated that the physical environment in FVMIS cages, ventilation, air-flow [13] , ammonia [10, 26] , carbon dioxide and oxygen concentration [6] , could be controlled adequately when the intra-cage ventilation was set at 60 air changes per hour (ACH). However, the effectiveness of FVMIS for the prevention of inter-cage transmission of microorganisms has not been examined.
Dillehay et al. reported that MIS were effective for prevention of inter-cage transmission of mouse hepatitis virus (MHV) [5] , while Lipman et al. performed challenge tests using MHV to examine the preventive capability of a ventilated caging system (Micro-FLO/ KUP 60 cage with Bio-Pak; Allentown Caging Equipment Co., Allentown, NJ) [15] . They concluded that these systems were protective against MHV. In those studies, however, the animals were examined only once. No serial follow-up of the state of microbial transmission in the same animals was carried out.
Recently, we developed a testing method for P. pneumotropica that does not require euthanasia of laboratory animals. This procedure is based on the polymerase chain reaction (PCR) method for detection of P. pneumotropica reported by Wang et al. [23] . With this method, the same animals can be tested repeatedly for a serial evaluation of the state of microbial transmission. The purpose of the study reported here was to serially evaluate, with the aid of this testing procedure, the capability of FVMIS to prevent inter-cage transmission of microorganisms.
Materials and Methods

Experimental design
Mice were housed in an animal room equipped with FVMIS including mice infected with P. pneumotropica. Cages containing mice positive for P. pneumotropica (infected mice) were placed next to clean cages with P. pneumotropica-free mice (clean mice). The state of P. pneumotropica transmission was examined serially in all clean mice and some of the infected mice. Cages without a filter top (open cages) were placed in a conventional rack (open rack), and the mice were housed and examined in a manner similar to that used for experiments as a control. The FVMIS rack and the open rack were placed side by side in the animal room. P. pneumotropica transmission was examined by a PCR method (PCR laryngo-pharyngeal swab method). The experiment descriptions were overseen and evaluated by the institutional animal care and use committee of Osaka University Medical School. Animals in this research were cared for and used humanely according to the Guide for the Care and Use of Laboratory Animals [9] and eventually euthanized with carbon dioxide inhalation.
Animals
Fifty-six, 3-week-old, specific-pathogen-free female ICR mice (Crj: CD-1, Charles River Japan, Tokyo, Japan) were used as clean mice. Sixty-four female ICR mice (aged 22 to 45 weeks), raised in an animal room contaminated with P. pneumotropica and confirmed to be positive for P. pneumotropica with the PCR laryngopharyngeal swab method, were employed as infected mice. Body weights ranged from 29.6 to 53.7 g at the end of the experiment. Sentinel animals held in the institution were regularly examined by the standard methods. The examination of these animals showed negative except for P. pneumotropica, so the health status was the same in the two groups of animals except for the P. pneumotropica status.
FVMIS
A 25-unit FVMIS developed by Kurosawa et al. [13] (VIC System, Dai-Dan Co., Osaka, Japan) was used. Shoebox type polycarbonate cages (483 × 267 × 203 mm, floor area 922.5 cm 2 ) (Dai-Dan Co.) were used with an aluminum filter top (Dai-Dan Co.). The capacity of the cage with the filter top attached was 0.0223 m 3 . Each cage was supplied with room air by means of a blower unit equipped with a high efficiency (HEPA) filter, and a positive pressure differential was maintained with respect to the room. Exhaust air from each cage was filtered and emptied back into the room. The velocity of the air flow immediately below the air inlet of the filter top was measured with an anemometer (MODEL 6141, Kanomax Japan, Tokyo), so that the intra-cage ventilation could be continually adjusted to 60 ACH by regulating manually the voltage of the electricity driving the blower.
Microenvironment
Each cage, both in the FVMIS and open racks, contained 200 g of paper-fragment bedding (Alphadry, Kasho Co., Tokyo). The mice were provided a solid feed sterilized with gamma ray irradiation (CRF-1, Oriental Yeast Co., Tokyo) ad libitum. In the FVMIS, chlorinated water was provided automatically and ad libitum by means of sealed valves (A160, Edstrom Industries, Waterford, WI). In the open rack, autoclaved water was provided ad libitum by means of watering bottles. A nesting box (E12, Sudo & Company Inc., Nagoya, Japan) made of chinaware (61 × 126 × 53 mm) was placed in each cage to enhance the environmental enrichiment for the mice.
Arrangement of the animals and cages
Seven clean cages and eight infected cages (four animals per cage) were placed both in the FVMIS and in the open rack. As shown in Fig. 1 , the infected cages and clean cages were arranged in a checkered pattern of five rows and three columns (Group I: infected FVMIS cages; Group II: clean FVMIS cages; Group
III: infected open cages; Group IV: clean open cages).
Each cage was identified by a number; for example, Group I-1 referred to the first cage in Group I. Both the floor area and height of the cages used fulfilled the requirements of the Guide for the Care and Use of Laboratory Animals [9] .
Macroenvironment
The animal room (8,300 × 3,600 mm) was designed to bio-containment level 2 and exhaust air from this room was filtered with a HEPA filter. It was maintained at a temperature of 23 ± 1°C and a humidity of 45 ± 15%. It was illuminated during the 12-h period from 8:00 to 20:00 with a light (80 W) and kept dark from 20:00 to 8:00. Negative pressure was maintained with respect to a preliminary room that was kept under relative negative pressure to service corridors, and ventilated at 14 ACH. Two diffusers of anemostat type were located on the ceiling, and four exhaust opening were in the corners on the ceiling. The FVMIS and open racks were placed side by side along the short side of the room.
Aseptic manipulations
To prevent microbial transmission during changing of the cages, they were changed in a positive air pressure clean bench equipped with a HEPA filter (MAC-10FR, Air Tech Japan, Tokyo) once a week. The clean bench was a horizontal unit and contributed to maintaining a clean work area. The order in which the cages were changed was Group II, IV, I and III.
The new cages containing bedding and nesting boxes were sterilized by autoclaving. All specimens were collected on the clean bench. New gloves (Plastic Gloves, Shin-ei Industries, Tokyo) were used for each cage change and for obtaining the specimens from each mouse. The clean bench was sprayed with 70% ethanol before a new cage was placed on it, and all instruments used for sampling were sterilized by autoclaving or disinfected with 70% ethanol.
Sampling method
Specimens were collected from all mice in cages 1-7 in Group II and Group IV, and in cages 1 and 5 in Group I and Group III at 4, 8, and 12 weeks after initiating the experiment. The specimens were collected from the laryngo-pharyngeal region of anesthetized mice by inserting a swab that was moisturized in a brain heart infusion broth enrichment culture medium through the mouth. The swab was made from a toothpick and absorbent cotton and sterilized by autoclaving. Anesthesia was achieved by intraperitoneal administration of a mixture of ketamine (Ketalar 50, Sankyo, Tokyo) at a dosage of 60 mg/kg of body weight and xylazine (Celactal, Bayer Japan, Tokyo) at a dosage of 6 mg/kg.
Method for detection of P. pneumotropica
A modified PCR method based on that of Wang et al. [23] was used for detection of P. pneumotropica. For this method, the specimens were cultured in a brain heart infusion broth enrichment culture medium at 37°C for 24 h. The bacteria were washed three times, and DNA was extracted by heating in the presence of 1% (V/V) Triton X-100 at 100°C for 5 min. PCR was performed using this DNA extraction and the 16SrRNA primer (5'-TTGCATTTCAGACTGGGAATC-3', 5'-GCACAAAACTATCTCTAGTCTC-3'). The PCR conditions were controlled with a programmable thermal controller (PTC-100, MJ Research Inc., San Francisco, Calif.): 93°C for 3 min, (93°C for 20 s, 51°C for 10 s, 74°C for 50 s) × 35 cycles, 74°C for 3 min, and 25°C for 5 s. The PCR products obtained were screened by electrophoresis, and those in which a band was detected at 395 bp were regarded as positive (initial PCR positive). To enhance accuracy, PCR was performed again by using these positive PCR products as samples, and the products of the confirming PCR were digested with a restriction enzyme (Hind III, Nippon Gene, Tokyo). The fragments were electrophoresed and samples in which two bands were observed at 213 bp and 178 bp (confirming PCR positive) were confirmed as positive for P. pneumotropica.
Statistical analysis
Differences in the positive rates of mice and cages for P. pneumotropica transmission in Groups II and IV were evaluated by applying the chi-square test in 2 × 2 contingency tables. A probability of P≤0.05 was considered significant.
Results
Detection of P. pneumotropica
The PCR results are shown in Fig. 2 . Lane 1 shows a 395-base pair (bp) amplicon which was the product of N8 strain, a P. pneumotropica strain, and it was digested to 213-bp and 185-bp molecular DNA by Hind III. Lanes 3 and 4 are derived from the same swab and show the same size products as the N8 strain. Lanes 5 and 6 are derived from another swab and the PCR product (Lane 6) wasn't digested by Hind III.
Detection rates in the infected cages
The results for the animals and cages in Groups I and III are shown in Table 1 . The initial PCR demonstrated that 16 of 16 animals (four each in four cages) were positive after 4, 8 and 12 weeks. In the confirming PCR, one to four animals were excluded from the animals which were positive for the initial PCR, so net positive rates for P. pneumotropica were 12/16 to 15/ 16 (75 to 95%) for the animals and 4/4 (100%) for the cages.
Transmission in the clean open cages
The results in Group IV are shown in Table 1 . The initial PCR demonstrated that four of 28 animals (in one of seven cages) were positive after four and eight weeks, and nine of 28 animals (in three of seven cages) were positive after 12 weeks. In the confirming PCR, one animal was excluded from the animals which were positive for the initial PCR after 12 weeks.
Transmission in the clean FVMIS cages
The results in Group II are shown in Table 1 . No positive animals (zero of 28 animals) and cages (zero of seven cages) were observed in this group throughout the experiment. Significant differences were found in the number of positive animals between Groups II and IV at 4, 8, 12 weeks, and in the number of positive cages between Groups II and IV at 12 weeks.
Discussion
Mice which had been raised in an animal room contaminated with P. pneumotropica and confirmed to be positive for P. pneumotropica by means of the PCR laryngo-pharyngeal swab method, were used as infected mice in this study. All of the four cages which housed the infected mice, chosen as positive controls, were serially positive for P. pneumotropica throughout the study, and were presumed to be shedding the organism.
Despite taking precautions to prevent inter-cage transmission of microorganisms, P. pneumotropica infected mice were detected in the clean open cages 4 weeks after initiation of the study, and their number increased over the 12 weeks. The housing environment in this experiment was, therefore, considered to cause intercage transmission of micro-organisms. On the other hand, as no positive mice were observed in the clean FVMIS cages throughout the study, it was concluded that the FVMIS could prevent inter-cage transmission of P. pneumotropica.
Although previous studies have shown that the physical environment inside cages can be controlled adequately by setting the intra-cage ventilation at 60 ACH when FVMIS is used [6, 10, 13, 26] , the capability of FVMIS to prevent inter-cage transmission of [15] . In those studies, however, serial follow-up of the state of microbial transmission in the same animals was not carried out. We developed a testing method for P. pneumotropica based on the PCR method reported by Wang et al. [23] . Their method was reported to be particularly useful when the bacterial concentration was low or when the results of biochemical examinations were unclear. However, the necessity to euthanize the animals to collect specimens from the dissected mouse nasopharynx is a disadvantage of their method. The method developed by us, on the other hand, which does not require euthanasia of animals, not only contributes to the welfare of animals but also provides the means for microbiological monitoring of individuals which are extremely valuable gene modified animals such as transgenic or knockout animals. Applying this method to our study made it possible for the same animals to be tested repeatedly for serial evaluation of the state of microbial transmission. As a result, we were able to show that P. pneumotropica persisted consecutively in the infected cages and that P. pneumotropica transmission extended sequentially.
P. pneumotropica is present in many rodent colonies, especially mice, rats and hamsters. The organism is detected typically in the upper respiratory tract, oral cavity, conjunctiva, bladder, mammary glands, genital tract and feces [1, 7, 8, 16, [18] [19] [20] [21] 24] . Latent infections are common in both conventional and barrier-maintained colonies [18, 19] , and other animals and humans have also been infected by this organism [2, 17] . In the field of laboratory animal science, P. pneumotropica is generally considered to be a bacterial species that needs microbiological monitoring. On the basis of findings reported by Saito et al. [21] and Mikazuki et al. [16] , specimens for this study were collected from the laryngo-pharyngeal region. To increase the detection accuracy, a confirming amplification including digestion of the PCR products with a restriction enzyme was adopted. As shown in Fig. 2 (Lane 6) , the organism of the PCR product which couldn't be digested by Hind III would be a contaminant but not P. pneumotropica in the infected animals.
The confirming PCR is considered to eliminate many pseudo-positive PCR results from the initial PCR. As the average positive rate in the infected mice was 85%, the PCR laryngo-pharyngeal swab method was confirmed to be sufficiently sensitive for use in this study.
Possible routes of P. pneumotropica transmission are considered to consist of air (containing dust of the bedding and feces), water, feed, bedding, and handling of animals during cage changes. In this study, measures to prevent inter-cage transmission via water, feed, and bedding were taken for both the FVMIS and open cages. Also, all cage changes and specimen collections were performed in a clean bench, and new gloves were used for each cage change and for obtaining the specimens from each mouse. Thus, inter-cage transmission during changing of cages and collection of specimens is considered to have been avoided by these precautions. Therefore, we consider that our assessment of whether covering and forced ventilation in the FVMIS are effective for prevention of inter-cage transmission via air is valid as a result of the experimental design of this study. This assessment concludes that FVMIS can prevent inter-cage transmission of P. pneumotropica when strict precautions are taken.
P. pneumotropica was not so infective that all the animals in a single cage which contained PCR positive mice and all the cages in Group IV became PCR positive in this study. Establishment of an examination method for more infective microorganisms that does not require euthanasia of animals is expected.
